conjugation of the undegraded polysacctmride to the protein was accomplished. The immunologicaUy specific undegraded polysaccharide of Sabraondla typhosa could also be conjugated to the isolated protein of the Shiga bacillus.
Recently, Davies, Morgan, and Moismann (10) have separated the polysaccharide of the Shiga protein-polysaccharide complex by ultracentrlfugation and found it to be non-toxic, serologically active but not antigenic.
Goebel e~ al. (11) have examined the toxicity and immunochemical behavior of the toxic complex of Shigetla flexneri, the endotoxin analyzed in the studies to be presented here. A toxic protein and a toxic polysaccharide were obtained, using different chemical manipulations. Trypsin digestion of the toxic complex did not destroy toxicity, antigenicity, or serological activity, and did not remove all the protein. Subsequently Tat and Goebel (12) separated a serologically active polysaccharide which seemed devoid of protein and lipid but which retained toxicity. To obtain this material drastic chemical treatment was necessary. The toxic polysaccharide contained phosphorus and it was believed this might be associated with the toxic constituent. However, it was not possible to separate the toxic component and the serologically active polysaccharide in such a way as to have each retain its biological or immunochemical properties.
The endotoxin complex is usually highly antigenic and often induces the formation of considerable precipitin in the rabbit. Antiserum with high precipitin titer, however, possesses relatively little ability to neutralize the biological effects of the specific toxin (13) (14) (15) (16) . Morgan (17) has shown that antiserum does precipitate the material responsible for toxicity, and that the precipitate retains toxicity.
During the course of investigations on the biological activity of various endotoxins the problems which became of principal interest were determination of the immunochemical characteristics of the toxins and the precise nature of the complex toxic antigen. Information has been accumulated which demonstrates immunological and physicochemical heterogeneity of the purified endotoxin of Shigella flexneri, Type Z.
Materials and Methods
Preparation of the Endoloxin.--Shigdla flexneri Type Z (obtained from Dr. Walther Goebel) was grown in a broth medium containing casamino acids, meat extract, and glucose. The organisms were separated from the culture medium by Sharples centrifugation, then suspended in distilled water, and lyophilized. Extraction and purification of the endotoxin was carried out by the technique described by Goebel (11) . The extract obtained with 50 per cent pyridine was purified by fractional precipitation with acetone, dialysis, and lyophilization. From 21.6 gin. of dried bacteria 1.85 gin. of purified endotoxin was obtained. This dissolved readily in water or saline to give an opalescent solution.
Preparation of Antiserurn.--Precipitating antibody to the purified endotoxin was formed in rabbits of the Rockefeller Institute stock, weighing 3000 gin., by the intravenous injection of 25/zg. of the antigen every day for the first 4 days of each week for 3 weeks. 7 to 10 days after the last injection each rabbit was bled to death, after a test bleeding, and the serums pooled. After filtration through a Coors porcelain filter (P3) and the addition of merthiolate at a final concentration of 1:10,000, the pooled serum was stored at 4°C. in stoppered bottles. Filtration of the antiserum did not diminish its serological activity.
Chemical Determlnations.--Protein was measured by a modified Folin-Ciocalteu phenol reaction (18), using 2 ml. of the carbonate reagent and 0.2 ml. of the diluted phenol reagent. Rhamnose was determined by the method of Dische and Shetfles (19) . Phosphorus was estimated by a modification of the method of Stewart and Hendry (20) .
Preclpitin Ana/ys~/$.--Quantitative precipitin analysis of the toxin was carried out by the addition of rabbit antiserum, undiluted or diluted 1:2 with saline, to an equal volume of varying dilutions of antigen. Because in some of the analyses to be described only small volumes of the antigen material were available, the volume of the reacting system was kept at 0.4 mL Despite the limitations which this imposed on the precision of the analysis, the results proved to be regularly reproducible. The reactive mixtures were incubated at 37°C. for 1 hour with frequent shaking, and were then placed at 4°C. overnight. The precipitates were centrifuged in the cold and the supernatants decanted and saved. Each precipitate was washed 2 to 3 times with 2.0 ml. chilled saline. The washed precipitates were allowed to drain and were then dissolved in 0.2 nil. ~/10 NaOH. The protein present in the dissolved precipitates was determined by the Folin-Ciocalteu reaction. A serum blank was always prepared simultaneously, decanted, and washed with the precipitates, and its optical density subtracted from the optical density of each predpitate. The corrected optical densities of the precipitates were plotted as the quantitative precipitin curve. The supernatants were tested qualitatively for the presence of excess antibody or antigen.
Precipitation in
Gal.--According to the technique of Oudin (21) the desired antiserum dilution was added to an equal part of 0.7 per cent melted agar, containing 1:10,000 merthiolate and 0.9 per cent NaC1, at a temperature of 48°C. The final agar concentration was, therefore, about 0.3 per cent. The fluid agar-serum was pipetted into the bottom of a glass tube 9 cm. in length and with an internal diameter of 5 ram. Each tube had been coated on its inner surface with 1 per cent agar and dried in a vacuum desiccator. The antlserum-agar mixture filled the tube to a level 4 cm. from the bottom and was aUowed to gel. The tubes were then brought to 37"C. and a saline solution of the antigen was pipetted over the gel up to the 8 cm. mark. Merthiolate had been added to the antigen solution to make a dilution of 1:10,000. The tubes were sealed with parafilm and left in an upright position at 370C. for 5 days, at which time readings and photographs were made.
Zone Electrophoresis.--The technique described by Kunkel and Slater (22) was used.
Barbitai buffer at pH 8.6 and ionic strength 0.1 served as the suspending solution for the starch. Potato starch was washed with 2000 ml. of buffer before preparation of the block in order to remove pyrogenic substances. The antigen was dissolved in 3 ml. of either buffer or saline before being added to the starch block. The type of solvent used did not alter the electrophoretie results. Electrophoresis was done at 4°C. for 22 hours at 500 volts and 60 to 70 ma. When the electrophoresis was completed the starch block was divided into sections 1 cm. wide, each section being suspended in 1 ml. of saline-N/10 HCI. These were stirred and filtered through medium course No. 597 S-S filter paper. The individual filtrates were then analyzed qualitatively and quantitatively for serologicai activity, and for rhamnose, phosphorus, and protein content.
Determination of Toxicity and Antigenicity.--Maie and female rabbits of the Rockefeller
Institute stock, weighing 3000 gin. were used. Toxicity was evaluated by the pyrogenicity of the specimen under study. Rectal temperatures were taken with a centigrade veterinary thermometer. Control temperatures were recorded prior to injection of 0.1 ml. of the material being tested. Temperatures were then obtained every hour for 6 hours following the injection. As control in each experiment 0.1 ml. of a fraction of the starch block considerably removed from the region containing serologically active material was injected into a rabbit. The readings obtained were plotted on graph paper for comparison, each rabbit's control temperature serving as the base line. 5 to 10 days after the test of a fraction for pyrogeuicity blood was drawn from each rabbit and the serum tested qualitativeJy for serological activity.
EXPE]CTMENTAL RESULTS
To determine the immunological purity of the purified endotoxin of ShigeUa flex~ri quantitative precipitin analysis, including an examination of supernatant activity and precipitation in gel, was carried out.
Quantitative Precipitin Analysis:
Dilutions of the toxic antigen from 0.1 to 4 mg./ml, were prepared in saline. 0.2 ml. of each dilution was added to an equal volume of antiserum diluted i : 2 with saline. Analysis was then carried out as described under Methods. 1 illustrates the quantitative precipitin curve obtained with the purified but untreated endotoxin. The absence of complete inhibition of precipitation in the region of extreme antigen excess is rather characteristic of many polysaccharide antigens, and therefore, does not necessarily indicate antigenic impurity. None of the supernatants showed both antigen and antibody excess, and the supernatants in the region of equivalence failed to show either antibody or antigen in excess. These findings are consistent with immunological purity.
Precipitation in Gel:
This technique is useful in qualitative estimations of immunological heterogeneity (21) . The development of more than one precipitin zone in the gel has been considered to indicate the presence of more than one antigenic system in the reaction mixture.
The method of analysis is described above. The toxic antigen was prepared in a concentration of 1.5 reg./nil, saline. The antiserum was mixed with saline so that dilutions of 1:2, 1:4, and 1:8, were obtained after addition of the agar. The results are illustrated in Fig. 2 . It is apparent that three separate zones of precipitation are formed in the interaction between the purified endotoxin and rabbit antiserum. This indicates an immunologically impure system.
Chemical Analysis of lhe Endotoxin:
The purified toxin gives a positive Biuret, Folin-Ciocalteu, and Molisch reaction, indicating the presence of protein and carbohydrate in the material. Extraction of the toxin with chloroform yields a lipid material which is partially soluble in 70 per cent ethanol. The antigen complex contains 1.2 per cent phosphorus and 18 per cent rhamnose. These findings are consistent with Goebel's (11) analysis of endotoxin extracted from the same organism.
Zone Electrophoresis of lhe Endotoxin:
The relationships of the components (polysaccharide, protein, phospholipid) of the toxin complex are of considerable interest. Separation of the components by chemical fractionation has not been entirely satisfactory. Goebel (11) presented "free" electrophoresis patterns of the materials obtained from ShigeIla toxin by chemical fractionation, but it was not feasible to carry out detailed analysis of the electrophoretically separated fractions. The technique of zone electrophoresis on starch (22) is well suited to the problems under study because it offers an opportunity for determination of not only electrophoretic mobility but of the chemical, serological, toxic, and antigenic properties of the various fractions obtained. 25 mg. of the purified toxic antigen was dissolved in 3 ml. of barbital buffer. The resulting solution was opalescent but no precipitate could be obtained on centrifugation. The solution was added to a moist starch block 20 cm. from the cathode end. Electrophoresis was carried out as described above. This procedure was performed 4 times, on one occasion when the endotoxin had been dissolved in saline instead of buffer and again using another lot of endotoxin. The results were essentially the same in each experiment. A 1:4 dilution of the respective fractions was added to undiluted antiserum and analyzed quantitatively for precipitin. 0.1 ml. amounts of each fraction were used for the determination of rhamnose and the estimation of protein. 0.5 ml. of each fraction was analyzed for phosphorus. The observed optical densities for each of these determinations were plotted directly.
The results of analysis of the electrophoretically separated fractions are summarized in Fig. 3 . The quantitative precipitin curve shows the presence of three distinct zones of serological activity. Associated with each of these three zones there is a protein and methylpentose peak. The rhamnose content of each fraction has a close relationship with the serological activity when correlated with the quantitative precipitin curve. Phosphorus could only be detected in the major zone but its presence in the other portions was probably below the range of sensitivity of the technique used.
Injection of a representative fraction from each zone into rabbits showed all three were pyrogenic, and each elicited precipitin formation. The degree of toxicity of each fraction was not quantitated. Precipitin formed to one fraction reacts with the other two ( Table I) . Absorption of antiserum to the whole purified endotoxin with the major electrophoretic fraction removes all precipitin for that fraction. However, the absorbed antiserum reacts slightly with the smaller electrophoretic fractions. Thus, each of the three electrophoretic fractions contain both polysaccharide and protein. The serological differences between the fractions are demonstrated by the fact that absorption of antiserum to the whole toxin with any single fraction fails to remove completely all precipitin for the other fractions. On the other hand, antiserum specific for one fraction will precipitate the other two fractions. These facts suggest that the three electrophoretic fractions contain a common as well as a distinct antigenic component.
Zone Electropkoresis of Trypsin-Treated Endotoxin:
As mentioned before, Goebel (11) has demonstrated that treatment of an endotoxin of ShigeUa flexneri with trypsin does not reduce its toxicity or affect its serological activity. It was of interest, therefore, to examine the effect of trypsin on the zone electrophoresis pattern of trypsin-digested toxin.
Crystallized trypsin x 0ot TR 371) was dissolved in saline at a concentration of 1 mg./ml. 40 gg. was added to 25 rag. of toxic antigen dissolved in 3 ml. of saline, and after incubation at 37°C. for 24 hours an additional 40/~g. was added. Two drops of chloroform were dropped into the bottom of the tubes to prevent bacterial growth. Mter 48 hours digestion Worthington Biochemical Sales Co., Freehold, New Jersey.
there was marked but not complete clearing of opalescence of the antigen solution. The treated toxin was added to a moist starch block and electrophoresis carried out as described in the preceding experiment. The fractions obtained following electrophoresis were analyzed for serological activity, rhamnose, protein, and phosphorus as described] above. Pyrogenicity and antigenicity were determined as in the preceding experiment.
Precipitin analysis of the electrophoretic fractions revealed serological activity in only one zone as indicated by the quantitative precipitin curve in Fig. 4 . This was the only zone where rhamnose, phosphorus, and protein could be detected. This fraction induced fever in rabbits and was antigenic. Antiserum to the fraction precipitated material from each of the three zones observed after electrophoresis of the untreated toxin (Table II) . Absorption of antiserum to the untreated toxin with the trypsin-digested fraction did not remove all precipitin for the whole toxin. Of interest is the increase in the rhamnose and phosphorus content of the single zone following trypsin digestion as compared with the rhamnose and phosphorus content of the corresponding zone of the untreated toxin (Table HI) .
The immunological behavior of the trypsin-treated toxin fraction is similar in all observed effects to the major electrophoretic fraction of untreated toxin. The action of specific antiserum to the trypsin-treated toxin fraction in precipitating all three of the fractions of the untreated toxin, indicates similar immunological properties of the three fractions and the trypsin-treated toxin. Therefore, it is believed that the two smaller fractions of untreated toxic antigen consist of the same polysaccharide hapten conjugated to dissimilar proteins. This concept is further supported by the increase in the rhamnose content of the trypsin-treated toxic fraction, suggesting release of polysaccharide on digestion of the conjugated proteins followed by reconjugation to the remaining trypsin-resistant protein. The failure of the trypsin-treated fractions to absorb all precipitin to the whole toxic complex indicates, as did the preceding experiment, that each protein of the complex is individually antigenic and serologically active. 
Zone Electropkoresis of Lecithinase-Treated Endotoxin:
The relationship of the phospholipid of the toxin to the protein and polysaccharide is not known. Lecithinase attacks various phospholipids and for this reason was used in the treatment of the toxic antigen of Skigdla flexneri. 0.1 nil. of a purified Clostridium wd, chii lecithinasO was added to 25 rag. of endotoxin which had been dissolved in 1.8 ml. of barbital buffer containing 0.015 g CaCh. This was kept at 37°C. for 24 hours and then added to a moist starch block as in the preceding experiments. The activity of the lecithinase was assured by its effect on normal human serum suspended in barbital buffer. Eluates of the starch fractions were analyzed as in the previous experiments, except that a 1:2 dilution of the fractions was used for quantitative precipitin analysis. 5 illustrates the analyses of the electrophoretic fractions of the lecithinase-treated antigen. There is dissociation of the two minor serological peaks from the protein peaks. The three serological zones, as observed with the untreated antigen, persist, nevertheless. There must be su/ficient peptide or protein-like material left in conjugation with the polysaccharide to account for the differences in electrophoretic mobility of the serologically active material. This is substantiated by the fact that trypsin digestion of the lecithinase- treated antigen gives an electrophoretic pattern identical with that of toxin treated only with trypsin. Each of the three electrophoretic zones following treatment is antigenic. Antiserum to each fraction will precipitate others. They also will precipitate the three fractions of the untreated toxin.
After incubation of the toxin with lecithinase a precipitate forms which on analysis is trypsin-digestable, gives a positive Folin reaction, contains no detectable phosphorus, and is soluble in N/10 NaOH but not in distilled water. The precipitate probably represents denatured protein. The nature of the alteration in the electrophoretic pattern of the toxin by lecithinase is not known. Further studies will be necessary to clarify this effect.
Treatment of the Endotoxin with Other Enzymes:
Treatment of the toxin with an enzyme preparation obtained from Streptomyces albus (23) , which has considerable proteolytic activity, affects the antigen in the same way as trypsin, as determined electrophoretically, and by studies of toxicity and antigenicity of the fractions (Table II) . The marked increase in the rhamnose and phosphorus content of the fractions obtained following treatment with this enzyme preparation (Table III) has not been accounted for. The enzyme itself contains no measurable rhamnose.
Treatment of the toxic antigen with crystalline lysozyme s also results in findings similar to that following trypsin digestion.
Immunological Reappraisal:
In view of the data obtained by zone electrophoresis of untreated and enzymatically treated toxin a reassessment was made of the immunological properties of the toxic antigen.
Quantitative Precipitin Analysis of Trypsin-Treated Antigen:
Three ml. of the antigen (4 mg./ml, in saline) was treated with a total of I00 #g. (0.1 hal.) of crystalline trypsin. This specimen, as well as 3 ml. (4 mg./ml.) of untreated antigen to which 0.1 ml. saline was added as control, was kept at 37°C. for 48 hours, and bacterial growth prevented by the addition of 2 drops of chloroform. After digestion, 200 #g. (0.1 ml.) of soy bean trypsin inhibitor was added to each tube, and suitable dilutions made of the antigen for quantitative precipitin analysis, which was carried out by the procedure described above, using antiserum diluted 1: 2 with saline. Fig. 1 illustrates the comparative precipitin curves of untreated and trypsintreated antigen. The regions of antibody excess, antigen excess, and equivalence are identical for the two analyses. It is apparent that the trypsin-treated antigen precipitates less antibody from the serum than does the untreated antigen. Antiserum absorbed with trypsin-treated antigen retains precipitin for the untreated toxin complex. It seems likely, therefore, that the differences in the quantitative precipitin curves are due to digestion of serologically active protein of the untreated antigen by trypsin.
Precipitation in Gel of Trypsin-Treated Endotoxin:
Toxin dissolved in saline was treated with trypsin as in the preceding experiment, and then sufficient merthiolate was added to make a 1:10,000 dilution. The treated antigen was placed above an equal volume of 1:2 dilution of antiserum in agar as previously described. An untreated antigen preparation was used as control. At the end of 5 days' incubation at 37°C., readings were made and photographs taken. Fig. 2 illustrates the characteristics of precipitation of trypsin-treated and untreated antigen in gel. There is only one zone of precipitation in the gel in the tube containing the trypsin-digested antigen in contrast to the three bands formed by untreated antigen. This single remaining zone corresponds to the first zone of precipitation in the tube containing untreated antigen. The finding of a single precipitin band is evidence in support of immunologic purity of the trypsin-treated antigen. Disappearance of the other two bands can be interpreted as evidence for the destruction of antigenicity of two components of the untreated antigen. These findings and interpretations correspond with the electrophoretic data and the quantitative precipitin analyses. DISCUSSION The way in which the polysaccharide, protein, andphospholipid of endotoxins are conjugated to each other is not known. Studies mentioned before (9) have shown conjugation of the protein of one endotoxin to the polysaccharide of another. The observations reported in this presentation reveal that the polysaccharide of a purified endotoxin of Shigella Jlexneri Type Z is probably conjugated to three, apparently different, protein materials. Both the polysaccharide and the proteins seem to be antigenic, and consequently the three protein-polysaccharide conjugates separated by electrophoresis have common as well as distinct antigenic components. Goebel (24) using a similarly purified endotoxin of Shigella flexneri has observed on ultracentrifugation three substances having different centrifugal properties but the same serological activity. This correlates well with the analyses presented in these experiments.
The immunological similarity of the three fractions obtained by electrophoresis of the toxin is demonstrated by their reactivity with antisera prepared to each of the fractions and to the trypsin-treated toxins. On the other hand, immunological dissimilarity of the three fractions is indicated by the failure of the major electrophoretic fraction to absorb all precipitin for the lesser fractions, and the failure of trypsin-treated toxic antigen to remove all precipitin for the whole toxin.
Electrophoretic analysis of the trypsin-treated antigen demonstrates a single serologically active zone. This fraction is toxic, antigenic and contains all of the demonstrable protein, polysaccharide, and phospholipid. The polysaccharide and phosphorus content of the electrophoretic fraction is greater than that found in the corresponding zone of untreated antigen. This suggests that only two of the protein components of the untreated toxin are affected by trypsin. It seems probable that the polysaccharide and phospholipid are freed when the trypsin-sensitive proteins are digested and that then they conjugate to the remaining trypsin-resistant protein. Treatment of the antigen complex with other proteolytic enzymes produces similar results.
Analysis of the precipitation in gel of the untreated and trypsin-treated antigens corresponds to the findings on electrophoresis. The untreated antigen yields three zones of precipitation and the trypsin-treated antigen only one.
This confirms the immunological heterogeneity of the purified toxic antigen and suggests that the trypsin-treated antigen is immunologicaily pure.
All of the electrophoretically separated fractions of enzymatically treated and untreated toxin have retained toxicity for the rabbit. Therefore, it is not possible to state what constituent or conjugation is necessary for toxicity from the data available.
There are differences between the quantitative precipitin curve of trypsintreated and untreated antigen which can be explained by the immunological heterogeneity of the purified endotoxin. However, the superimposition of the equivalence zones in the two curves suggests that serologically the two are similar.
The nature of the dissociation of the polysaccharide and serological activity of two of the conjugates from their respective proteins following treatment with Clostridiura welckii lecithinase is obscure. No interpretation of this finding can be made until further evidence is acquired.
SU'~MARY
The endotoxins of the Gram-negative bacteria have similar biological and chemical properties. The toxic antigen of Shigdla flexneri Type Z was selected as a representative endotoxin, and it was confirmed that the antigen consists of a polysaccharide conjugated with phospholipid and protein. By the technique of zone electrophoresis, the polysaccharide of the purified endotoxin was shown to be conjugated with each of three different proteins, and each conjugate proved toxic and antigenic for the rabbit. Two of the protein conjugates were digested by trypsin and the released polysaccharide appeared to conjugate with the remaining trypsin-resistant protein. Immunological analysis revealed that the purified toxic antigen is heterogeneous and that the polysaccharide and protein components possessed serological activity. The trypsin-treated toxin had a single electrophoretic zone and its precipitation in gel suggested immunological purity. Proteolytic treatment of the endotoxin did not destroy its toxicity or antigenicity for the rabbit.
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